Fever and neutropenia is the most common complication in the treatment of childhood cancer. This review will summarize recent publications that focus on improving the management of this condition as well as those that seek to optimize translational research efforts.
INTRODUCTION
In children with cancer, fever and neutropenia is the leading cause of emergency department presentation and unplanned hospital admission [1,2 & ]. Management traditionally involves admission to hospital for intravenous antibiotics until resolution of fever and recovery of neutrophil count. However, children with fever and neutropenia are a heterogeneous group with varying risk of severe infection or medical complications and this treatment approach is increasingly recognized as excessive for low-risk episodes [3] . Clinical decision rules (CDRs) are available to assist in risk stratification although few centres have adopted these into routine practice [4, 5] . Furthermore, most have focused on the identification of low-risk fever and neutropenia and little is available to assist in the early recognition of conditions associated with significantly higher morbidity and mortality, such as severe sepsis and infection with antimicrobial-resistant organisms. Given the clear differences in infection risk and outcome, and availability of risk-adaptive algorithms, the standard of care should move from the 'one-size-fits-all' to a more personalized model taking into account an individual's probability of infection, sepsis, and response to treatment.
Risk stratification is the standard of care in the treatment of many paediatric malignancies. Riskadapted treatment intensity based upon extent of disease, molecular markers, and response to therapy is thought to be an important contribution to improvements in 5-year survival to around 80% [6] . Detailed algorithms guide when to start and stop a treatment, as well as provide options for poor response, or 'resistance' to standard therapy. Despite these innovations in cancer treatment, similarly sophisticated fever and neutropenia treatment algorithms are not available. This is however, not for want of trying, as there has been an extensive quantity of research focused on the cause, biology, risk factors, prevention, and treatment for fever and neutropenia in children [7] . Unfortunately, because of inconsistencies in outcomes that are collected and reported, our ability to compare, contrast, and combine results is limited and may, in part, explain why some advances in fever and neutropenia research have not been translated into practice.
This review will summarize publications, since 2013, that focus on improving the management of fever and neutropenia in children with cancer. A review of publications prior to 2013 is available elsewhere [8] .
METHODS
MEDLINE was searched via the PubMed interface using the search terms [(fever or febrile) and (neutropenia or neutropenic) and (child or children or pediatric or paediatric)] and restricted to articles published since 1 January 2013. The search date was 31 May 2015. A total of 249 articles were screened and 16 were included exploring the following themes: standardizing paediatric fever and neutropenia research [7,9 && ]; defining fever and neutropenia [ 
STANDARDIZING PAEDIATRIC FEVER AND NEUTROPENIA RESEARCH
A consensus set of core variables and outcomes that should be measured and reported, as a minimum, in all paediatric fever and neutropenia studies is now available [9 && ]. This is the first time a paediatricspecific fever and neutropenia research framework has been developed [7] . The authors hypothesize that its application will reduce heterogeneity between clinical studies, limit the impact of reporting bias, and lead to research that is more likely to have outcomes that are relevant to healthcare providers and to patients and their families. Using the Delphi method, a 45-member international panel of clinicians, pharmacists, researchers, and patient representatives completed four sequential surveys exploring core outcomes and definitions specific to paediatric fever and neutropenia research. With a response rate of up to 96%, consensus was achieved on a set of eight core variables and 10 core outcomes as outlined in Table 1 . Consensus was also achieved on definitions for the 10 core outcomes.
DEFINING FEVER AND NEUTROPENIA
A consensus definition for 'fever' and 'neutropenia' was unable to be achieved using the Delphi method [9 && ], which is not surprising given the variety different definitions that are used in both clinical and research settings. Regarding fever, 32% of the Delphi panel agreed with the definition 'a temperature greater than 38.58C (101.38F) once or greater than 38.08C (100.48F) on two or more occasions during a 12-h period.' Agreement for three other commonly used definitions ranged from 14 to 19% and a further three definitions were proposed. Agreement for a 'neutropenia' definition was slightly higher, with 51% in favour of 'an absolute neutrophil count less than 500/mm 3 or greater than 500 but less than 1000/mm 3 with expected decline to less than 500/mm 3 in the next 48 h.'
Moving from expert opinion to evidence, there is only one prospective study that has addressed the clinical impact of varying definitions for fever
KEY POINTS
CDRs are available to assist in the risk stratification of children with fever and neutropenia; however, the true clinical, psychosocial, and economic impact of this model of care is unknown.
Antibiotic administration within 60 min has been shown to improve outcome, although further research is required to quantify the impact in high and lowrisk cohorts.
Infection with antibiotic-resistant bacteria is associated with poor outcome and strategies to predict and optimize management of this emerging threat are urgently required.
A consensus guideline for paediatric fever and neutropenia research is available and may help reduce some of the heterogeneity between studies that limit our interpretation and implementation of results. ]. In this single-centre study routinely using a definition of 39.08C, the virtual application of a lower limit (37.5-38.98C) led to earlier fever and neutropenia diagnosis (median, 4.5 h), and to 53 additional fever and neutropenia diagnosed. In 51 (96%) of these additional episodes, spontaneous defervescence without specific therapy was observed in reality. The study was not powered to assess the question of safety of the 39.08C fever definition, and it is unclear how these single-centre results translate to other centres and if, or how, they should inform a consensus definition.
RISK STRATIFICATION
The incorporation of a validated and robust paediatric fever and neutropenia CDR into practice should enable children to receive more or less intense a high-risk CDR therapy according to their risk of severe infection or other adverse outcomes. An overview of risk stratification, including a review of the efficacy and safety of outpatient management and oral antibiotic administration for low-risk fever and neutropenia, is available [3] . The review discusses potential benefits of reduced intensity treatment for low-risk patients, including improved quality of life for the child and their family, decreased treatment-related toxicities, and reduced exposure to nosocomial infections, including multiresistant organisms as well as considerably reduced health costs. Although not specifically addressed in this review, children identified as high risk may benefit from early and targeted additional supportive care measures and heightened vigilance so as to avoid clinical deterioration and ICU admission.
In 2012, an international paediatric fever and neutropenia guideline panel recommended that centres adopt a validated risk stratification strategy and incorporate it into routine clinical management (level 1C) [27] . Since publication of this guideline, as well as an updated systematic review in 2012 that identified a total of 25 paediatric fever and neutropenia CDRs, no new rule has been formally derived [28] . However, validation of a high-risk CDR [11] , a review of methodological quality of 12 existing CDRs [12 && ], and a study investigating an individual risk factor identified in previously published CDRs are recently available [13] .
A CDR is a clinical tool that quantifies the individual contributions that various components of the history, physical examination, and laboratory results make toward the diagnosis, prognosis, or likely response to treatment. Although there are four key components to CDR development ( Fig. 1 ), most investigators stop short at internal validation (i.e., in the same population as the derivation study) resulting in the publication of CDRs with overestimated diagnostic performance [12 && ,28] . Before a CDR can be implemented into practice it must undergo evaluation in a population external to the original derivation data set to ensure it is well tolerated, reliable, and reproducible. Once we know a CDR accurately predicts outcome, formal implementation studies will inform us of the actual impact of the rule, be it clinical, psychosocial, or economic, and may even help drive uptake and sustainability.
The methodological quality of CDRs intended to identify low-risk fever and neutropenia and influence management has recently been assessed in a systematic review [12 && ]. Seventeen criteria recommended by the evidence-based medicine working group were used to analyse 12 CDRs. The authors summarized these criteria into six key components necessary to achieve the highest level of evidence, including prospective study design; reproducible external to derivation study; clearly defined predictive variables; well defined, clinically significant, and reproducible outcomes; statistical methods described; and the rule must be clinically sensible. Results highlight variable compliance with methodological criteria for CDR development. Notably, the criteria met least often were that the rule 'made clinical sense' and that the variables and the CDRs were 'reproducible.' Only one CDR, developed in South America, met all methodological criteria. It is also the only rule that has undergone prospective medico-economic impact analysis, and was therefore assigned level I evidence. Unfortunately, this rule was not reproducible in Europe, so its clinical utility outside South America is unclear [12 && ]. An additional validation study of a CDR designed to predict severe sepsis not clinically apparent during the first 4 h of hospitalization in children with fever and neutropenia has been published [11] . Unlike the majority of fever and neutropenia CDRs that have focused on the identification of children at low risk of severe infection, this rule seeks to predict severe sepsis in high-risk fever and neutropenia, and is the first time such a rule has been validated. Factors identified in the derivation study that were independently associated with late onset severe sepsis (including age >12 years, serum C-reactive protein >90 mg/l, and IL-8 > 200 pg/ml) remained significant in the validation set. However, there was a wide difference in ability of all three factors to predict severe sepsis (46% in validation versus 76% in derivation). Furthermore, as the validation population was from the same unit as the derivation set, it is unclear how these results translate to other centres.
There are two fever and neutropenia CDRs that include haemoglobin as a predictor of outcome with conflicting results [28] . In Switzerland, high haemoglobin (>90 g/l) independently predicted severe bacterial infection, while in Brazil, low haemoglobin (<70 g/l) independently predicted severe infectious complications [13] . The unexpected association identified in the former study was recently subject to further analysis [13] . The authors concluded that dehydration, but not medical complications requiring recent transfusion (such as haemolysis, blood loss, suppressed erythropoiesis, and acute transfusion reaction), contributed to the higher than expected haemoglobin levels observed in patients with severe infection. They also found that the association was U-shaped with moderate anaemia associated with the lowest risk of severe infection, whereas both severe anaemia (indicative of severe myelosuppression) and mild/no anaemia (perhaps indicative of dehydration) were associated with a higher risk. These results extend our understanding of ability of haemoglobin to predict outcome as well as the potential impact of external factors such as dehydration on validity of results.
TIME TO ANTIBIOTICS
In addition to predicting the risk of adverse events, recent work has addressed simple modifications in practice that have the potential to improve overall results. There are two studies in children with fever and neutropenia that investigate the impact of time to antibiotics (TTA) on clinical outcome, both of which are from high-income countries [14 & ,15 & ]. In a retrospective study in North America, 29.9% of children with TTA greater than 60 min were admitted to the ICU compared with 12.6% in the TTA less than 60-min cohort (P ¼ 0.003) [15 & ]. The study also showed a nonsignificant trend toward higher mortality in children who were administered antibiotics after 60 min. There was no difference in hospital length of stay (LOS). In a larger North American study, albeit also retrospective, TTA greater than 60 min was significantly associated with 'adverse outcome,' a composite measure defined as in-hospital mortality, admission to ICU or 40 ml/kg fluid bolus requirement within 24 h of presentation [14 & ].
No paediatric fever and neutropenia study has investigated the effect of TTA according to severity of presenting symptoms, or stratified children according to risk of severe infection or serious medical complication. Outside of fever and neutropenia, the data for TTA are most convincing in the setting of severe sepsis with results of a landmark study in adult patients revealing every hour of delay in antibiotic administration was associated with an average decrease in survival of 7.6% [29] . Based on this, it is conceivable that children with high-risk fever and neutropenia would benefit most from early therapy, although further research is required to quantify the impact of TTA in high and lowrisk cohorts.
A target TTA of 60 min for children presenting with fever and neutropenia has been adopted as a standard of care in many centres, although few have managed to consistently achieve this. There has been one audit [16] and six quality improvement initiatives [15 & ,17-21] published since 2013 addressing the issue. Baseline data from the quality improvement initiatives revealed that the proportion of patients that received antibiotics within the recommended 60 min ranged from 2 to 63%, with median TTA as high as 154 min in one study [18, 20] . Using mixed methodology, including audit and focus group meetings, four studies identified specific barriers to timely administration of antibiotics (Table 2) , the most common of which was a delay in accessing the central line [15 & ,17,19,21] . Published interventions designed to reduce TTA in children with fever and neutropenia presenting to the emergency department are summarized in Table 2 . Following implementation of various combinations of these interventions, a significant reduction in TTA was observed across all studies [15 & ,17-21] . The coordinated efforts of multidisciplinary teams, standardized fever and neutropenia triage systems and management algorithms, and comprehensive staff and patient education campaigns were acknowledged as key drivers of change. Three algorithms recommended antibiotic administration prior to neutropenia confirmation in an attempt to eliminate antibiotic prescription delay [17] [18] [19] , with only one study describing a coordinated approach with the laboratory to achieve complete blood count analysis in as early as 10 min [15 & ]. The latter avoiding the unnecessary administration of antibiotics to nonneutropenic patients, which was as high as 52% in one study [19] .
ANTIBIOTIC RESISTANCE
Infection with antibiotic-resistant bacteria has emerged as a serious threat to children with fever and neutropenia [22, 23] . Of particular concern are multidrug-resistant bacteria that render the commonly prescribed empiric fever and neutropenia antibiotics ineffective. Although there are no recently published studies that have investigated the clinical impact of antibiotic-resistant infection, earlier reports indicate these infections do negatively impact prognosis. In particular, a significant association with prolonged hospital LOS, ICU LOS, and ventilation requirements has been described [24 & ,25] . Antibiotic resistance has also been shown to increase the risk of infection-related and all-cause mortality [24 & ,30,31] . The rates quoted in some of these studies were as high as historic reports of mortality in patients with cancer treated prior to the routine availability and use of empiric antibiotics for fever and neutropenia [32] .
In a review of factors associated with antibioticresistant Gram-negative bacteremia, hospital admission for at least 48 h was shown to be significant [24 & ]. Although the review identified only one paediatric study that showed recent antibiotic exposure was also an independent risk factor for antibiotic-resistant bacteremia, the association is well described in the adult haematology and oncology population [33] . Furthermore, in three studies, the proportion of gram-negative bacteria resistant to empiric antibiotic regimen used at each centre increased significantly over time and may, in part, be explained by repeated exposure to these agents.
In an era of increasing antimicrobial resistance, it is incumbent on institutions that offer curative cancer treatments to similarly offer strategies to monitor, prevent, and appropriately manage these infections. At a minimum, local epidemiology and resistance rates should guide empiric antibiotic selection as outlined in a recent Italian study [23] . A comprehensive review of the current infectioncontrol issues facing patients with haematological malignancy is available. The authors of this review summarize the latest recommendations for infection control bundles of care as well as antibiotic options for multidrug-resistant bacteria [26] . The importance of integrated multidisciplinary antimicrobial stewardship (AMS) programmes is also emphasized with a practical framework for implementation, based on guidelines from the Fourth European Conference on Infections in Leukaemia (ECIL-4), described. Clinical outcome data of the benefits of AMS are beginning to emerge with a study in adults showing patients with fever and neutropenia treated according to AMS recommendations had a relative risk reduction in 28-day mortality of 64% compared with cases receiving antimicrobial treatment nonadherent to AMS recommendations [34] .
No paediatric study has specifically addressed the clinical impact of modifications to empiric fever and neutropenia antibiotic based on underlying risk of infection with antibiotic-resistant bacteria. Given the association with poor outcome, this is an area where further research is urgently required.
CONCLUSION
A risk-stratified approach to care is recommended for children with fever and neutropenia. Although many CDRs are available to assist in risk stratification, further research is required to refine exactly which children would benefit most from emerging management strategies such as target TTA. In the era of increasing antimicrobial resistance and paucity of new antibiotic agents in the pipeline, research should also be directed toward the early predication and prevention of antibiotic-resistant infections, and management algorithms adapted according to local epidemiology. Finally, to encourage uptake and sustainability of a risk-adapted model of care for children with fever and neutropenia, the clinical, psychosocial, and economic impact of currently available CDRs should be formally investigated using a recommended research framework [9 && ,12 && ].
